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General Report B for Theme Nine 
Geotechnical History of Projects Other 
Than Presented in Sessions 1-8 
Charles Mansur 
Senior Engineering Consultant, McClelland Engineers, Inc. 
REPORT ON CASE HISTORIES OF OTHER STRUCTURES 
(Theme 9) 
The papers for Session 9B have been divided into the 
following subjects: 
~· Dewatering and Groundwater Control 
Paper 904 - Design and Construction of a 
Railway Yard, Embankment and 
Foundations Under Difficult 
Groundwater Conditions. 
H. D. Sharma, s. Sengupta, and 
Glen Harron, Canada 
Paper 919 - Dewatering Problems in Shanghai. 
L. X. Shi, China 
Paper 932 - Dewatering of the Construction 
Site for a 200-foot Diameter 
Clarifier Tank Founded on Sand and 
Gravel. 
Grover C. Cox, III, USA 
Paper 940 - Effectiveness of a Slurry Cutoff 
Wall at Loeffel Site. 
George w. Lee, Jr. , Samuel P. 
Clemence, Shobha K. Bhatia and G. 
A. Swenson, USA 
Paper 945 - India's First Venture Relating to 
Subsurface Drainage by Horizontal 
Drains. 
T. x. Natarajan, A.v.s.R. Murthy, 
and Deep Chandra, India 
Paper 950 - Dewatering, Hydraulic Failure and 




G. E. Bauer, Canada 
Chemical Attack of a Clay Shale. 
G. H. Glos and D. Hinkle, USA 
Paper 909 - Dykes on Clay Foundation at 
Bersimis 2. 
Paper 923 
s. Zafar Akber, Canada 
Unplanned Construction of a 210-ft 
High Temple. 
Gopal Ranjan and Shamsher Prakash 
India ' 
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Paper 933 - Failure of a 
Storage Pad. 
Salt-Aragonite 
Yong S. Chae, USA 
Paper 958 - Hyperbolic 
Foundation. 
Cooling Tower 
Lawrence Jay Almaleh, USA 
Paper 959 - Subsidence Affects Due to Gypsum 
Solution in Syracuse, New York. 
George w. Lee, Jr., Samuel p. 
Clemence, Shobha K. Bhatia, and s. 
Anagnost, USA 
Embankments, Excavations, and settlement 
Paper 910 - Design of Road Cut Adjacent to 
Existing Structure. 
Gary c. Whited and c. N. Laughter, 
USA 
Paper 922 - Settlements Induced by Soft Ground 
Tunneling. 
Miguel P. Romo, Mexico DF 
Paper 929 - Foundation Movement Monitoring of 
Heavy Structures. 
M. R. Lewis and A. Sanver, USA 
Paper 963 - The Creation of Additional Space 
for the Storage of Dredged 
Materials 
Nicholas Chryssafopoulos, USA 
~· Stabilization and Slope Protection 
Paper 928 - Twenty-Year Performance of 
Soil-Cement Dam Facings. 
T. J. Casias and A. K. Howard, USA 
Paper 936 - Stabilization of the Oudenberg 
Hill in Geraardsbergen. 
R. De Paepe and M. Wallays, 
Belgium 
~· Tailings Dams and Facilities 
Paper 944 - Construction of the Key Lake 
Tailings Facility. 
R. B. Knight and J. P. Haile, 
canada 
Paper 948 - Uranium Mill Tailings Geotechnical 
Investigations. 
!. . Pavements 
Virendra Singh, J. B. Berry and D. 
F. Kapral, USA 
Paper 951 - Expansive Soil Pavement Design 
Using Case Studies. 
R. Gordon McKeen and R. L. Lytton, 
USA 
A summary and lessons to be learned from the case 
histories summarized by this reporter are given in the 
following paragraphs. 
Dewatering and Groundwater Control 
Paper 904 - Design and Construction of a Railroad Yard 
Excavations were begun for a large industrial park and 
railroad yard in Canada, but it was soon discovered that 
the excavations could not be accomplished because of 
continuous flow of groundwater into the excavation from 
the underlying bedrock. Initial failure to take this into 
account resulted in delays. The groundwater problem was 
solved by rearranging the railroad yard to an area where 
the bedrock was about 1 0 ft below grade (even though the 
groundwater table was at or near the surface). It was 
necessary to remove certain soft materials so that the 
railway embankment could be placed on a firm base. In 
removing the soft material, considerable water flow from 
the bedrock occurred. The problem was solved by first 
placing a layer of soil about 18 in. thick and compacting 
it promptly, and then covering the area with geotextile 
reinforcement. Approximately 18 in. of compacted sand was 
then placed over the geotextile for drainage, which was 
then preloaded for six months. 
Cast in-place belled piers were planned for support of 
heavy industrial structures in the area; however, load 
tests of some piers on bedrock showed capacities much less 
than anticipated. Excavation around the test piers showed 
a neck at the top of the bell and a gap between the pier 
shaft and surrounding soil above the bell. Reasons for 
the lower pier capacities were attributed to standing 
water (about 2 in.) in the bottom of the drilled hole for 
the pier before pouring the concrete, a 1 hour delay 
experienced in pouring the concrete in the drilled hole, 
and softening of the rock shale foundation surface by 
relief of the overburden and subjection to the artesian 
pressure in the foundation rock. 
A lesson to be deduced from this paper is the 
importance of properly determining the groundwater level 
and source of replenishment, its effect on design and 
construction, and taking such into account in construction 
procedures to be used in carrying out the work. 
During the winter of 1981-82, an ice bulb formed in 
one corner of the railroad yard, in a 100-ft diameter area 
consisting of clay till with local sand layers above the 
bedrock, and with piezometric heads approximately ft 
above grade. Growth of this ice bulb was attributed to 
upward flow of groundwater from the underlying bedrock and 
freezing as it approached the surface. This problem was 
solved by digging a series of trenches about 100 ft apart 
in which perforated plastic pipes wrapped with geotextile 
were placed, surrounded by clean sand. Styrofoam 
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insulation was placed above some shallow pipes to inhibit 
freezing. 
Paper 919 - Dewatering in Shanghai 
The upper subsurface soils in Shanghai typically 
consist of 3 to 12m of sandy silt underlain by layers of 
soft silty clay and clay along the Huangpu River and the 
northeastern part of the city; in the southwestern 
district, the soft silty clay is near the surface and is 
laminated with fine sand. Prior to the introduction of 
wellpoint systems in 1949, the usually high groundwater 
table frequently produced "quicksand" conditions during 
construction of sewers and pumping stations, in some cases 
resulting in cracking of adjacent buildings. Dewatering 
the underlying fine sand strata by wellpoints preventec 
the "quicksand" problem. 
In April 1955, self jetting vacuum wellpoint system; 
were introduced to dewater a 4.5 m deep excavation for < 
bridge pier. Eductor wellpoint systems followed in about 
1960. Electroosmosis was also used on some projects ir 
conjunction with conventional wellpoint or eductol 
systems. 
Experience with dewatering in Shanghai has reveale< 
the importance of having wellpoint systems with sufficien1 
vacuum, and carefully choosing the wellpoint screen an< 
filter so as to prevent clogging. 
Paper 932 - Dewatering Excavation for Clarifi~r Tank 
A 200-ft diameter clarifier tank was located betwee: 
two creeks in an area underlain by glacial sand and grave 
that extended to bedrock at a depth of about 80 ft. Th 
bottom of the tank was about 20 ft below the averag 
groundwater table and 30 ft below the flood crest in th 
adjacent creeks. Six borings in the vicinity of the tan 
and accompanying facilities revealed a soil profil 
consisting of fill about 15 ft thick, underlain by about 
ft of soft organic silt, which was underlain by 70 ft o 
sand and gravel with pockets of sand and silt. 
The design of the dewatering system was based on a 
assumed permeability of about 6,000 x 10-4 em/sec, a san 
thickness of 70 ft 1 and the assumption that the well 
could be developed to produce a flow rate of 1,000 t 
1,200 gpm. 
Five wells around the perimeter of the clarifier tar 
and two wells inside the excavation for the tank we! 
planned to dewater the excavation. Wells were designed t 
have 18-in. diameter screens, 25 to 30 ft long. (Why sue 
short screens were installed at the bottom of the 70 f 
aquifer is not known to the reporter.) It was concludE 
from a pumping test on the first well that two additiona 
ells were needed to lower the groundwater table for 
nticipated high creek stages. The two wells within the 
xcavation created excavation problems; thus these wells 
ere shutoff as soon as possible. 
After the two additional wells were installed, the 
redicted and actual drawdowns at the various piezometers 
hacked quite well. The pumping rates of individual wells 
ere balanced during construction to maintain proper 
rawdown. In lieu of adequate standby power for the 
ewatering well pumps, construction during the ~ower 
ortion of the excavation was scheduled for anticipated 
ow creek stages. Plans were made to evacuate the 
xcavation in event of power failure. [It seems to the 
eporter that it would have been much more economical in 
verall construction to have simply provided proper 
tandby power, rather than modify construction procedures 
n order to save the excavation in event of power 
ailure.] There seems to have been some problem with 
isposing of water from the dewatering system. [In view 
f the nearness of two adjacent streams, this should have 
een an insignificant problem with proper layout and 
andling of the discharge piping system.] 
aper 940 - Slurry Cutoff Wall at Loeffel Site 
A slurry cutoff wall was installed to mitigate seepage 
nd isolate waste at an 11-acre site in Rensselaer County, 
.Y. where 38,000 tons of industrial wastes had been 
.eposited during 1952-1970. The subsurface soils at the 
ite consist of till and outwash sand and gravel, 
nderlain by shale and bedrock. Permeability (k) of the 
hale was estimated as 1 x 10-6 em/sec. The design k of 
.he bentonite slurry cutoff was was 1 x 10-7 em/sec. 
In designing the containment measures for this site, a 
:implified model was used which considered the flow into 
.nd out of the site through three potential paths: 1) the 
. ite cap, 2) the slurry cutoff wall, and 3) the confining 
Lnit at the base of the site. Steady state equations for 
rroundwater hydraulics were used, with the following 
cssumptions: 1 ) steady state conditions exist, 2) the 
reological formations were homogeneous, 3) the geologic 
'ormations were infinite and horizontal in ex:tent, 4) 
miform homogeneous isotropic materials would be used for 
·emedial construction, and 5) remedial construction will 
>e performed as specified. Utilizing conventional 
:ormulas for calculation of groundwater flow and 
•implified flow nets, the estimated groundwater flow 
:hrough the site was reduced from about 23,000 gpd to 
tbout 600 gpd (0.4 qpm), or to approximately 1% of the 
>riginal flow. 
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Paper 945 - Horizontal Drains in India 
In 1978 and 1979, unprecedented rains caused more than 
300 landslides in the Nilgiris District. Field studies 
attributed these slides basically to the direct and 
indirect ingress of water into the soil mantle. These 
slides were stabilized with horizontal drains to relieve 
the excessive hydrostatic pressure in the soil mass, and 
with vegetation for erosion control. 
Spacing of drains was based on the drainage 
characteristics of the soil, the quantity of water to be 
intercepted, and the magnitude of the slide involved. The 
length of the drains installed in the study reported 
varied from 18 m to 33 m. Bore holes for the drains were 
generally sloped 6 to 10 deg with 50-mm perforated or 
slotted PVC pipes, 3 m long, inserted in the bore holes. 
These drains proved very effective. Drains were often 
installed at more than one level if the slide area 
permitted. It was found in certain cases that the 
quantity of water drained from a landslide is not 
necessarily an indication of the effectiveness of the 
installation. In some cases, the removal of a small 
quantity of water by the drains would produce a stable 
condition. 
The hill slopes in which the horizontal drains were 
installed were monitored by piezometers, magnetic 
settlement gauges, and deflection tubes, to measure the 
pore pressure build-up in the subsoil, the settlement or 
heave in the slope area, and any lateral movement of the 
soil mass. 
Maintenance of the horizontal drains was necessary for 
them to be effective for a long period. One method used 
to clean the drains was to insert a small auger-type bit 
attached to a 12-mm hollow pipe. The bit was rotated as 
water was pumped under pressure through the hollow pipe, 
thus cleaning the pipe and flushing out any organic 
materials that may have accumulated inside the pipe • 
The authors concluded that horizontal drains had a 
definite place in the correction or prevention of slides 
in embanlanents, cuts, and natural hill slopes, if the 
drains are properly planned, installed, and maintained. 
Subsurface drainage measures need to be supplemented by 
erosion control and by surface drainage systems to drain 
water away from the slope. 
Paper 950 - Failure of a Sheeted Excavation by Piping 
A temporary earth retention system for an excavation, 
consisting of steel sheet piling and an internal bracing 
system, failed primarily because of piping or development 
of a "quick" condition in the bottom of the excavation. 
The excavation was 16 m deep and was dug in sand. 
cofferdam was 20 m x 12 m in plan. 
The 
The subsurface conditions at the site consisted 
essentially of sand from El 235.3 m to El 204 m or 
approximately 31 m. The required excavation extended down 
to about El 220.3 m or approximately 8.3 m below the 
groundwater table. No dewatering system was initially 
planned - removal of seepage into the excavation was by 
means of submersible sump pumps. There was a point at 
which a wellpoint system was installed. However, before 
reaching final grade, the bottom of the excavation failed 
by piping or quickening. Inrushing water and the loss of 
soil caused extensive damage to adjacent structures. The 
excavation had to be halted for several months until 
effective remedial measures could be employed. Quickening 
of the bottom of the excavation required recompaction of 
the foundation sand before the foundation slab could be 
poured. 
In addition to the lack or inadequacy of any 
dewatering of the excavation, there were a number of other 
factors or events which contributed to the failure at the 
base of the excavation. Wood blocks, 20 em thick, were 
placed between the sheet piling and wales which allowed 
the sheet pile to deform inward as the excavation was 
carried down and the wood compressed. This inward 
movement of the sheet piles resulted in a loosening of the 
soil structure along the slip plane and provided a 
potential path for the full hydrostatic pressure to 
develop downward. Many of the sheet piles were too short 
and were spliced by welding; many of these welds failed, 
leaving windows where the piling had been welded. On Day 
37 after the start of excavation, a large cast iron water 
main running parallel to the north wall broke, probably 
due to the movement of the wall. This break further 
increased the hydrostatic pressure against the sheeting. 
The wellpoints initially installed had an embedment of 
only 2. 7 m; these wellpoints were jetted into the fine 
sands without the installation of an adequate filter. The 
wellpoint system proved completely inadequate to handle 
the inrushing water which eventually filled the excavation 
up to El 222 m. After 40 days of attempting to improve 
the wellpoint system, the excavation was flooded. The old 
wellpoint system was then removed and a new system 
installed. After two more months, the water table inside 
the excavation was finally drawn down below the bottom of 
the excavation. The loss of soil due to piping and 
movement of the sheet piles caused differential 
settlements and cracking of an adjacent concrete sludge 
tank from which sewage flowed into the excavation. 
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Mathematical and electrical analyses, common to the 
calculation of seepage and uplift gradients into sheeted 
excavations in sand, both showed that the. seepage exit 
gradient entering the bottom of the excavation was at the 
critical value at the time of failure. 
Foundations 
Paper 902 - Chemical Attack of a Clay Shale 
The foundations of two BOOMW steam turbine units at 
the Four Corners Generating Station, New Mexico, began 
settling excessively while under construction. These 
units, built in the late 1960's, were founded on 30 ft of 
interbedded materials consisting of hard, moderately to 
severely weathered sandstone; soft, completely weathered 
clay-shale containing gypsum and with gypsum lenses; and 
coal. This interbedded, weathered stratum is underlain by 
slightly weathered interbedded silty shale and hard 
sandstone (Lewis shale). Three previous units founded on 
drilled piers into the Lewis shale had not had settlement 
problems. 
Settlement of the last two units appeared to be linear 
with time and independent of the applied load. Grouting 
programs in 1969 and 1976 only temporarily slowed the rate 
of settlement from about in./year to 0.1 to 0.2 
in./year. Also, four drilling programs over 7 years 
following construction showed that the percentage of core 
recovery in the upper weathered stratum was decreasing. 
These and other observations lead to the conclusion that 
the settlement was not the result of normal pressure-
related consolidation. 
Extensive chemical analyses of the soil and 
groundwater were done, as well as long-term consolidation 
tests on natural and treated· soil samples, which are 
thoroughly discussed in the paper. It was determined that 
the settlement was due to the degradation of the clay 
minerals and the associated loss of volume as the cations 
are leached out. This process was tremendously 
accelerated by the construction of the unlined cooling 
pond, which provided the necessary groundwater in an 
otherwise arid site. The degradation was halted by 
injecting a mixture of Type V cement and fly ash. The mix 
design was adjusted through field and laboratory tests to 
stop the degradation without causing detrimental expansion 
of the soil. The authors recommend similar testing, 
particularly long-term consolidation tests, where there is 
no previous construction history and where similar 
geologic and climatic conditions indicate that clay 
degradation might occur upon changes in the groundwater 
table. 
•aper 909 - Bersimis Dikes on Clay Foundation 
The Bersimis 2 project, located about 300 miles 
1ortheast of Montreal, Canada, includes two dikes in 
lddition to the main dam. Dike 1, summarized in this 
:ritique, is about 1038 m long and 15 m high. Both dikes 
ire composed of a 4 m-wide clay core flanked by 0.9 m-wide 
silty sand filters, which in turn are supported by sand 
and gravel shells. The foundation for Dike 1 consists of 
a natural blanket of wind blown sand and humus underlain 
by 6 to 9 m of coarse sand and gravel. Below the coarse 
sand stratum, there is a layer of fine laminated sand 
about 5 m thick overlying a clay deposit. The underlying 
marine clay deposit is over 60 rn thick. 
Control of seepage beneath the dike was accomplished 
by extending the core trench down to the deep clay layer 
wherever possible. It was not possible (apparently) to 
dig completely through the underlying fine sand stratum in 
some reaches, in which case steel sheet piling was driven 
through the fine sand down into the underlying clay layer. 
At the north abutment, the steel sheet piling was 
supplemented by a 200-m long blanket of compacted clay 
extending from the central core to compensate for the 
absence of any natural semi-pervious material over the 
underlying coarse sand and gravel formation. 
The performance of this dike was monitored by numerous 
settlement points, telescoping settlement gauges, and 
piezometers• Horizontal displacement of the dikes' crest 
ranged from about 1 to 7 em downstream. At the north end 
of the dike, where it is founded directly on the clay 
deposit and the height of the dike is about 30 m, the 
maximum estimated settlement was 45 em. The maximum 
settlement measured to date has been about 27 em. 
Approximately 5 em of this settlement was attributed to 
secondary settlement, and that an additional 5 em of 
secondary settlement will occur over the next 25 years. 
Relatively high artesian pressures exist at the 
northern downstream toe of the dike but decrease 
downstream and do not exceed the ground level downstream 
of the dike. Piezometers installed in the upper coarse 
sand layer indicate seepage through the deeper fine sand 
layer through which sheet piling was driven. 
The authors concluded that the dikes completed in 
December 1958 have performed more or less as predicted, 
except that the stability of the dike based on measured 
pore pressures is somewhat less than that originally 
anticipated in design. Although high pore pressures exist 
immediately downstream of the dikes, seepage has remained 
almost constant since the filling of the reservoir, and 
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there has been no sign of any movement or distress of the 
foundation downstream of the dike from piping or heaving. 
Paper 923 - Unplanned Construction of a 210-ft High Temple 
A 300-ft by 290-ft temple with massive masonry walls 
was constructed in India without a prior soil 
investigation or construction plans. The temple proper 
was built on 30 ft of earth fill, subdivided by masonry 
walls supporting the main level. cracks appeared in the 
walls at the main level early in construction. The 
conclusion of a subsequent soils investigation was that 
the 3-ft thick foundation mat below the fill was 
structurally inadequate; however, the structure was 
completed and is standing. Authors concluded that the 
steel reinforcing of the mat may have differed from that 
shown on the drawings, [or the steel is simply 
overstressed but not beyond its yield point - Reporter 
note]. 
Paper 933 - Failure of a Salt-Aragonite Storage Pad 
A storage pad for a salt and aragonite was built in an 
area with a high groundwater table. The subsurface soils 
at the site consist of an upper layer of organic silt 
approximately 12 ft thick, underlain by another organic 
silt layer about 28 ft thick. The two silt layers are 
separated by sand gravel stratum approximately 6 ft thick. 
Salt was stockpiled to a height of 28 ft in 7 days. 
After 16 days at this load, a typical translational and 
rotational shear failure occurred. The strength of the 
underlying organic silt, based on laboratory and 
analytical studies, was found to be: c = 0.35p, where c 
equals shear strength in tons/sq ft and p equals the 
pressure under which the soil was consolidated, also in 
tons/sq ft. 
According to the original design, the stock pile 
should have had a factor of safety of about 1.3 against a 
translational failure. However, analysis of the failure 
indicated that the loading intensity was approximately 50% 
more than that assumed in the original design. The author 
points out the vital importance of a detailed subsoil 
investigation, laboratory tests, design analysis, and high 
quality field monitoring and inspection when loading a 
very compressible, weak material such as organic silt. 
(None of these were done by the designer for this 
particular project.) The author further points out that 
placement methods must be contro;led to avoid slides 
resulting from incompatibility between the shear strength 
of the soil and the loading intensity. According to the 
author, had the storage pad been loaded over a period of 
approximately 25 days rather than to its full height in 7 
days, it would probably have been safe. 
Paper 958 - Hyperbolic Cooling Tower Foundation 
The addition of two 640 MW fossile fueled electric 
generating units to the Crystal River generating station 
in Florida involve the construction of natural draft 
hyperbolic towers for cooling. These towers were located 
in karst topography containing numerous solution cavities, 
and loose sand filled pockets as are usually encountered 
in karst formations. 
The subsurface stratigraphy at the site consisted of a 
thin surficial overburden overlying lime rock of the 
Inglis formation. This formation contains numerous 
solution cavities and is prone to the formation of sink 
holes due to construction activities, increased loading, 
and changes in groundwater levels. Beneath the Inglis 
formation is a more competent dolomitic 
approximately 40 to 70 ft below grade. 
limestone 
The hyperbolic cooling towers are 428-ft high and 350 
ft in diameter. The vale is supported by precast columns 
at 40 support points. Maximum compressive loading at 
these points is approximately 1800 tons with a tensile 
loading of 900 tons across the diameter of the tower. 
Loadings with the basin vary between 500 psf and 3000 psf 
(at the tower fill support columns). Drilled piers 
support the heavy vale loadings at the support points. 
Deep compaction and stabilization of the overburden soil 
in the upper 30 ft of the Inglis formation were used to 
support the basin and fill column loadings. 
The drilled piers were 4-ft diameter and were socketed 
into the underlying Avon Park form<>.tion. The design of 
the piers was based on the results of unconfined 
compression tests on core samples of the Avon Park 
formation. The allowable bearing pressure used was 1/7 of 
the average unconfined compression strength of the rock 
samples. The allowable frictional resistance of rock 
sockets was taken to be 1/5 of the allowable bearing 
pressure. 
Vibroflotation was used to stabilize the upper 
formation within each tower, around all piers, and in sink 
holes that developed during the drilling of the piers or 
pilot holes. The vibroflotation technique allowed the 
collapse of, filling, and stabilization of all solution 
cavities within the depth of concern below the fill 
support columns. 
Compaction of the subsurface soils by vibroflotation 
was monitored by the current draw to the electric motor 
and the probe tip (the current draw correlates with the 
increasing density of the backfill and surrounding sand), 
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and by drilling holes and making standard penetratio: 
tests on treated areas and all suspect areas to verif: 
that an acceptable level of compaction had been achieved. 
Paper 959 - Subsidence of a Building caused by Solution o: 
Gypsum from Increased Groundwater Flow 
Two Syracuse University apartment building: 
experienced 
settlement. 
considerable and extensive differentia: 
Subsequent investigations revealed the causE 
was accelerated solution of gypsum beds in the upper zonE 
of the underlying bedrock, the result of surface wateJ 
entering the ground between the buildings. 
In late August 1982, cracks were noticed in twc 
adjoining apartment buildings. In early September, 
water main and sewer line located between them broke ani 
the flow from the break disappeared into the ground. The 
following day, a small cavity between the buildings wa~ 
noticed and continued to enlarge during that day and the 
next day, when large cracks in the foundation were notec 
in one of the buildings. Borings made shortly thereaftez 
showed the subsurface consisted of approximately 20 ft of 
moist stiff silt underlain by 10 to 20 ft of extremely 
soft saturated silt with 2 to 3 ft voids. Rock was 
encountered immediately below the soft silt. 
The bedrock in the area consists of Dolostone 
interspersed with gypsum beds. An examination of 
topographic maps in the area showed numerous "sink holes" 
and local evidence of underground subsidence. 
The investigations of the building cracking showed 
that construction of the two apartment buildings had 
resulted in an accumulation of groundwater flow between 
the two buildings, which was dissolving the gypsum beds in 
the upper part of the Dolostone rock. 
Conclusions from this investigation were as follows: 
1. Erosion of subsurface fines into solution channels 
caused by groundwater and accelerated by changing 
topography from construction of the buildings was 
the primary cause of the differential settlement 
of the two buildings. 
2. An adequate site investigation in 1945 or 1962, 
when apartments in this area were first 
constructed, would have revealed the presence of 
cavities in the area so that appropriate measures 
could have been taken to support any structural 
buildings. 
3. Site investigations for structures, even though 
they require only shallow foundations, should be 
of sufficient depth to explore other conditions 
that may effect the supporting capacity of the 
soil shallow foundations. Such make it imperative 
that design engineers have a thorough 
understanding of the geology and composition of 
the local bedrock and construction activities. 
Embankments, Excavations, and Settlement 
>aper 910 - Road Cut Adjacent to Water Reservoir 
Construction of an interchange required the lowering 
~f a street adjacent to a water tower approximately 20 ft. 
rhe water tower had a height of 60 ft, a diameter of 185 
ft, and was founded on 60 individual spread footings at 
depths ranging from 4 to 8 ft. The excavation for the 
street had to have a rather steep (1 on 2) slope 
immediately adjacent to the water tower. A rather 
comprehensive geotechnical investigation was made of the 
area between the water reservoir and proposed excavation 
to determine the shear strength and groundwater 
conditions. 
The soils encountered were predominantly silts with 
varying amounts of fine sand and with some seams of silty 
clay. SPT N-values ranged from 5 to 25 and averaged 15. 
Direct shear tests on undisturbed Shelby tube samples 
indicated a ~ of 37• for silty sands in the slope to be 
excavated, and a % of 37° and a c of 190 psf for the silt. 
The groundwater table was encountered at a depth of 
approximately 5 ft. 
Stability analyses of a proposed slope of 1(V) on 2(H) 
showed a factor of safety of 1. 25 for the 35-ft cut. A 
shear strength of ~ = 30° and c = 0 was used in the 
stability analyses. Although FS = 1.25 was somewhat lower 
than desired, it was considered acceptable in view of the 
relatively conservative analysis. 
To ensure that the water reservoir was not damaged, 
vertical and horizontal points were established to check 
for any objectional movements during excavation. 
During construction, a number of problems developed 
with the excavation procedures being used. The 
groundwater in the cut was found to he much higher than 
expected from the field investigation. Earth moving 
equipment frequently became mired in the wet silts and 
silty sands, which were finally excavated with a dragline 
or bucket. Considerable seepage occurred in some areas in 
the cut causing some surface sloughing. This condition 
was finally stabilized by the installation of pipe 
underdrains. 
Monitoring of the movement markers showed no 
measurable settlement or horizontal ground movement during 
construction or for two years after completion, nor was 
there any evidence of distress in the water reservoir even 
though the top of the cut slope was only 10 ft from the 
nearest edge of the water reservoir. 
Paper 922 - Settlement Induced by Tunneling in Soft 
Ground, Mexico City 
The very high (200 to 400%) water content and 
compressibility of the soft clays in Mexico City has given 
considerable importance to the settlement of the ground 
surface above tunnels in these clays. A number of test 
sites were established to accurately measure the amount of 
settlement and zone of influence caused by driving a large 
tunnel in these clays. The axis of the tunnel was at a 
depth of 23 m. The shield for the tunnel had a diameter 
of 6.24 m, and was advanced by jacking against a primary 
liner. The tunnel was excavated full-faced by hand mining 
under compressed air up to 1.5 kg/cm2 • A precast 
segmented liner was installed behind the shield, and was 
backfilled by injecting grout and pea gravel. The 
instrumentation consisted of settlement points installed 
at different depths and distances from the axis of the 
tunnel. 
The subsoil conditions at the test section were as 
follows: 
a. 0-5 m thick artificial fill and desiccated sandy 
clays; 
b. 3 m overconsolidated clay followed by two sand 
layers sandwiching a normally consolidated clay 
layer; 
c. 20 m thick normally consolidated clay with seams 
of silty clay, fly ash and hardened clay. 
Undrained laboratory shear tests correlated with cone 
penetrometer readings indicated a cohesion ranging from 
about 0.25 kg/cm2 at the ground surface to about 0.5 
kg/cm2 at a depth of 25 m. The groundwater table was 
about 3 m deep at the test section. The subsurface 
conditions at the other four test sites were similar to 
the section described above. 
Depending on the construction procedure adopted, 
tunneling-induced settlements are the results of three 
different mechanisms, according to the author: 
a. stress released at the tunnel face; 
b. yielding of tunnel wall to fill the annular gap 
between soil and primary lining; 
c. increased compressibility of a ring of soil 
remolded during the tunneling operation. 
The author points out that additional settlements may be 
caused by liner deformation upon air pressure release and 
ground consolidation resulting from steady state seepage 
toward the tunnel; however, these were not considered in 
the author's analysis. 
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Settlements of the ground surface over, and out from, 
the tunnel were estimated by a nonlinear finite element 
model. The measured and theoretically computed 
The settlement of the settlements checked quite closely. 
ground surface at the tunnel axis was typically about 15 
em, with measurable settlement approximately 30 to 40 m 
from the tunnel axis. The measured and computed 
settlement at a depth of 17. 5 m below the ground surface 
was approximately 20 to 25 em, with some settlement no~ed 
as far as 25 m from the axis of the tunnel. 
Paper 929 - Foundation Movement of a Heavy Structure 
Construction of the Grand Gulf Nuclear Station near 
Fort Gibson, MS, involved deep excavations and the 
construction of heavy block structures on the underlying 
Catahoula Formation. Prior to the start of construction 
of the power block structures, a program was developed to 
monitor the performance of the bearing stratum for these 
structures prior to, during, and after construction. The 
planning, installation, and monitoring of the heave and 
settlement of these structures are discussed in the paper. 
Subsurface conditions at the power block structures 
consist essentially of an upper zone of (loess) silt 
approximately 70 ft thick, underlain by 40 ft of a terrace 
formation consisting of an upper silty clay zone and a 
lower sand zone. This is underlain by the Catahoula 
Formation, which consists of an upper clay stratum about 
20 ft thick underlain by about 60 to 70 ft of very dense 
sand and silt layers. The Catahoula Formation is a very 





that could be 
that both 
tests on relatively 
recovered from this 
rebound (heave) and 
recompression would occur relatively quickly and be 
essentially elastic. The minimum ultimate bearing 
capacity of the Catahoula Formation was considered to be 
approximately 45 tsf. The maximum static bearing pressure 
is approximately 6 tsf for the auxiliary building mat 
foundation. 
The excavation for the power block structures was 
approximately 110 ft, which resulted in an estimated heave 
at the foundation level of about 3 to 4 in. Settlements 
were estimated from equations based on elastic theory, for 
both a homogeneous half-space and a 3-layer system. The 
maximum estimated total settlement for the auxiliary 
building mat was 1 in. The measured settlements differed 
from the estimated values by to 80% (plus or minus) 
under the full dead load. All of the measured settlements 
were 1.1 in. or less. The measured heave was about 




the design of the instrumentation 
The foundation monitoring program was based on using 
instrumentation that would be reliable, relatively simple 
to install, and reasonably durable both during 
installation and during operation for extended periods of 
time with no maintenance. Since the instrument locations 
would be inaccessible, they had to be capable of being 
monitored remotely. Three-element, rod-type extensometers 
were anchored in drilled holes 150 ft deep beneath the 
bottom of the excavation, with sensors at depths of 3, 50, 
100, and 150 ft. Rebound and subsequent recompression i~ 
the subgrade was measured by spring-loaded rod elements 
and the measurements converted into electrical signals b~ 
integral electronic transducers. The rebouni 
extensometers did not have the desired durability 01 
reliability. Many of the sensors failed within the firs1 
two years of operation. The authors conclude that < 
program of conventional surveying methods still appears t< 
be the best approach to balancing need and cost, unles1 
the durability and reliability of electroni• 
instrumentation are improved. 
Paper 963 - Space for Storage of Dredged Materials 
Approximately every two years, Getty Oil in Delawar 
has had to dredge its refinery a channel to the Delawar 
River. This material has in the past been pumped int 
five storage areas. Natural boundaries around th 
existing area and the low strength of the stored dredge 
materials prevented any further increase in height of th 
original dikes. Therefore, any new dikes would have tot 
built on the previously deposited dredged material. 
system of interconnected drainage trenches, 5 to 20 f 
deep, were excavated in the dredged material to lower tr 
high water table and reduce the high water content of tr 
dredged material. This allowed access of earth-movir 
equipment on the dredged material and provided drier ar 
stronger materials for use in constructing the new dikes. 
Stabilization and Slope Protection 
Paper 928 - Performance of Soil Cement Slope Protection 
Bureau of Reclamation Dams 
The soil-cement slope protection on three Bureau • 
Reclamation (USBR) dams has been damaged enough to requi 
repair. These dams were the first for which soil-ceme· 
was utilized in place of riprap and have been in servi 
about 18 to 20 years. The soil-cement slope protection 
all other USBR dams is in excellent condition. 
Soil-cement slope protection was first tried by the 
USBR in 1951 on an experimental test section at Bonny Dam 
in eastern Colorado. Since 1963, the USBR has used 
compacted soil-cement as upstream slope protection on ten 
embankments. Another dam with soil-cement slope 
protection is now under construction. All of the 
soil-cement was specified to have either 12% or 14% cement 
(by dry weight of the soil). The cement content was based 
on minimum required compressive strengths of 600 psi at 7 
days and 875 psi at 28 days, or durability losses of 6% 
maximum for wet-dry tests and 8% maximum for soil freeze 
tests. The soil-cement was compacted to an average 98% or 
more of the maximum laboratory dry density determined by 
the USBR compaction test. 
All soil-cement facings placed to date by the USBR 
were constructed using a central batch plant and were 
compacted with sheepfoot and pneumatic-tired rollers. The 
lifts were compacted to 6 in. for all the dams, except on 
three dams where 8- to 9-in. lifts were utilized. The 
lack of bond between the soil-cement lifts in combination 
with severe weather and wave action appeared to be the 
main factors contributing to the damage on the three dams 
critiqued by the author. These dams were the Merritt Dam, 
the Cheney Dam, and the Lubbock Regulating Reservoir Dam. 
The bond between soil-cement layers is generally weak. 
Laboratory tests have shown that the original bond created 
between lifts of soil-cement depends on the time delay 
between lift placement, the frequency of moisture being 
added to the lift surface, the available moisture during 
curing, and the surface texture. The time delay has a 
much greater effect on the bond strength than the other 
variables. Bonding of the lifts appears to be the most 
critical factor in ensuring adequate performance of 
soil-cement slope protection. High quality soil-cement 
does not necessarily ensure long term durability. High 
compressive strength and low durability loss (for the 
cement content specified) do not seem to be related to the 
ability of the soil cement to withstand the uplift forces 
caused by severe wave action and ice buildup on the 
unbonded layer. Direct shear tests indicate that a 
stronger bond can be formed by application of cement 
between the layers of soil-cement. An extensive test is 
being planned on the Calamus Dam in Nebraska to determine 
the effectiveness of adding a dry cement vs a slurry 
cement between layers of soil cement. The cement slurry 
or dry cement will be added at the rate of 1 lb of dry 
cement per 1 sq yd of soil cement. 
Paper 936 Stabilization of Oudenberg Hill in 
Geraardsbergen 
A 40 m high hill ( 1 on 5 slope) supporting a road had 
experienced three large, progressive slides over 30 yrs, 
each following heavy rains. The hill consists of mixed 
strata of clayey sand and sandy and silty clay. The hill 
was successfully stabilized by installing 363 bored piles, 
32 in. diameter, averaging 80 ft long, to "nail" the slide 
to a stable substratum; installing a 6.3-mi long system of 
drainage trenches to relieve excessive pore pressures; and 
relocating the road to a 220 m long viaduct supported on 
bored piles. In calculating the stability of the hill, 
the interaction of the soil strength and piling resistance 
was taken into account. The design of the piling and 
method of stability analysis are presented in the paper. 
Tailings Dams and Facilities 
Paper 944 Key Lake Tailings Facility - Saskatchewan, 
~ 
This paper reviews the quality control and testing 
procedures used in designing and constructing a uranium 
tailings storage facility. 
The principal design features of this facilty were: an 
underseal and underdrain over the entire area to prevent 
seepage discharge to the groundwater; and systematic 
deposition of the tailings in thin layers using the 
sub-aerial technique, with continuous removal and 
recycling of all surface water and underdrainage outflows 
to the mill for treatment. These features were designed 
to achieve a consolidated, drained tailings deposit 
suitable for immediate decommissioning on completion of 
milling, with minimal long term seepage. The underseal 
was constructed using natural till and about 3% bentonite, 
which when compacted to 95% of modified Proctor had a 
coefficient of permeability of 3 x 10-8 em/sec. 
Specifications for materials handling during construction 
were based on a method specification, with detailed 
descriptions of required materials handling procedures. 
Control of layer thickness, compaction passes, bentonite 
addition, molding moisture content, and selection of sand 
overburden excavated from the open pit, was retained 
directly by the Consultant, and specified on an on-going 
basis. 
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Extensive field and laboratory tests were conducted to 
monitor placement of the underseal, including air-entry 
permeability tests for quick construction control. An 
instrumentation system was included in the storage 
facility to monitor its performance, which has been 
satisfactory so far. 
Paper 948 - Union Carbide Uranium Mill Tailings Piles-
Colorado, USA 
Approximately 10 million tons of uranium tailings have 
been stored on a steep hillside at Union Carbide's uranium 
mine and mill complex at Uravan, co. At the time of the 
study, the height of the tailing piles was in excess of 
100 ft. An evaluation of the stability of the piles was 
required for continued use of the piles and to meet 
regulatory requirements. Geotechnical field and 
laboratory investigations were made in 1980 to define the 
boundaries and properties of the various types of tailings 
in the piles. Static, pseudostatic, and seismic stability 
analyses were made of the existing slopes. These analyses 
indicated that stabilizing berms would be necessary to 
assure stability of the slopes. 
As a result of the analyses described in the paper, 
the stability of the tailings piles was enhanced by 
construction of a rock fill berm over the tailings, built 
on a 1-on-2 to 1-on-3 slope. A free-draining granular 
fill was placed on the tailings pile prior to placement of 
the rock berm. A seepage collection system was installed 
in the filter blanket under the rock berm. The seepage 
liquid was directly pumped to a pond for reuse. The 
maximum vertical settlement of the rock berm has been 
about 6 in. 
about 2 in. 
The maximum horizontal movement has been 
Construction of the berms and associated drainage and 
collection system was completed in Nov 1980. Instruments 
were installed to check the validity of the design 
assumptions and to monitor performance of the slopes. As 
of this date, the tailings slopes have been stable. 
Pavements 
Paper 951 Expansive Soil Pavement Design Using Case 
Studies 
This paper presents the results of a continuing study 
of the behavior of airport pavements on expansive soils; 
that is, development of design procedures with which the 
stiffness of an airport pavement, required to resist 
detrimental d.ifferential movement due to volume change in 
underlying expansive soils, can be assessed. 
Basic parameters, including the properties of soil 
moisture suction and the soil active zone are discussed; 
theoretical soil-pavement interaction models are studied; 
and empirical field data from existing installations are 
analyzed. The result is definition of a subgrade and 
material modulus-related value for satisfactory 
performance. This value, along with the required 
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stiffness and using the deformed beam-en-elastic 
foundation analysis, can then be used to determine the 
required pavement thickness for satisfactory performance. 
Discussion by Surinder Singh 
Vice-President, Alpha Corporation 
McLean, Virginia, U.S.A. 
On 
"Uranium Mill Tailings Geotechnical Investiga-
tions - A Case History" 
by V. Singh, J.B. Berry and D.F. Kapral. 
DISCUSSION 
Reading through the paper one gets the feeling 
that the uranium mill tailings were systema-
tically deposited in the tailings piles at Ura-
van, Colorado, at least in the early stages of 
the project, without due regard to some basic 
engineering considerations, or the potential 
problems tha.t could result from inadequate geo-
technical investigations. To this end, it could 
be called a man-made problem. The authors de-
serve congratulations for doing a thorough job 
of evaluating geotechnical conditions at the 
site and suggesting appropriate measures to sta-
bilize the tailings piles in compliance with 
applicable regulatory requirements. It will be 
of interest to know the rnagni tude of the expenses 
incurred for the site investigation program and 
the design and construction of the stabilizing 
measures. 
Further comments by the authors and elaboration 
on few of the questions raised here will enhance 
the information presented in the paper. 
a. Since the tailings piles are located 
on a stratum of sandstone, did the site 
investigations include the study of 
geophysical anamolies, rock quality, 
and hydrogeological conditions under 
the tailings piles? 
b. There seems to be no undersea! sepa-
rating the tailings piles from the 
underlying rock surface. What measures 
were taken to prevent leaching of the 
liquid from the pond into the lower 
stratum? 
c. No data on the permeability charac-
teristics of the deposits have been 
included. Is there any provision to 
provide surface seal over the piles 
after the facility is decommissioned? 
d. Was any analysis done to determine the 
amount of salt and other chemical sub-
stances in the tailings deposits? What 
measures were taken to prevent leach-
ing of the chemicals into the sur-
rounding environment? 
e. What was the degree of compaction, the 
thickness of the layers compacted with 
a dozer, and the quality control mea-
sures taken during construction of the 
berms? What kind of laboratory control 
tests were performed? 
f. Was any correlation established be-
tween the penetration resistance val-
ues and the in-situ density of the 
tailings deposits? 
Discussion by John P. Sully, Principal 
Geotechnical Engineer, INTEVEP, S.A., 
Venezuela, on 'Uranium Mill Tailings 
Geotechnical Investigations - A Case 
History' by V. Singh, J. B. Berry and 
D.F. Kapral. 
The authors are to be congratulated on the presentation 
of an interesting study into the stability of a uranium 
mill tailings dam. As a result of the investigations re-
medial work to the side slopes of the dam was carried out 
which involved construction of a slope filter drain (in-
terim remedial measure) and later placement of a rockfill 
buttress. 
It is apparent from the authors' Fig. 2 that the tailings 
dam was operated with a high phreatic surface within the 
slopes; this being caused by encroachment of the tailings 
poo~ to the edg~ of slope berm. Therefore the design gui-
del1ne for cont1nuous beaches to be maintained along the 
perimeters of Ponds 2 and 3 should cause a lower phreatic 
surf~c~ position and consequently an improved stability 
c~nd1t1on for the present profile. However, comparison of 
f1gures 2 (before stabilization) and 7 (after stabiliza-
tion) would indicate little modification of phreatic sur-
face conditions, especially for Tailings Pile 2. Has the 
position of the post-stabilization phreatic surface been 
~stablished from piezometer readings and if so, how does 
1t vary from the assumptions used? Also it is unfortunate 
that piezometer records are not presented since the chan-
ge in surface position over the three-year period when 
the dams were only used intermittently would provide va-
luable information in terms of the effect of pool varia-
tion. 
The advantage of the upstream method of construction is 
t~at.it facilitates a lower phreatic surface position 
w1th1n the outer slope than other available methods due 
to placement of coarse tailings. This further ·suggests 
the possible benefits of pool control. 
The liquefaction potential of the outer tailings was ana-
lysed by Seed's 1979 method which is for level ground. 
This does not take into account the effect of shear stres-
ses existing within a slope which affect the liquefaction 
susceptibility of a soil. What adjustements to values ob-
tained from the analysis did the authors make to consider 
this effect? It is also stated that the slimes material 
was found to have significant resistance to liquefaction 
and that the stability of the outer coarse tailings was 
the critical factor under dynamic loading. Why is this 
since the slimes have lower strength, are saturated for 
their enti~e depth, are nonplastic and probably behave in 
a contract1ve manner due to stress conditions? If it is 
for the effect of cementation, surely this would also be 
present in the outer slope material? 
The autho~s s~ate that the tailings are deposited along 
a steep h1lls1de but cross-sections for analysis indicate 
a horizontal or low-angled bedrock level. This difference 
would affect the results of the analysis. 
The construction of a high rock buttress entirely covering 
the s~opes would appear to be a very costly measure; a 
cost 1ncreased by the necessary processing. Would it not 
have improved the stability to an acceptable level if the 
buttre~s was placed only to the exit level of the proposed 
phreat1c surface after height increase of the dam? Alter-
nati~ely a slimed buttress with underdrainage may have 
prov1ded a more cost-effective measure, subject to opera-
ting constraints. This would have had the advantage of 
fle~ibility since its final height could easily be adjust-
ed 1n accordance with phreatic surface observations. 
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Discussion by Surinder Singh 
Vice-President, Alpha Corporation 
McLean, Virginia, U.S.A. 
on 
"Construction of the Key Lake Tailings Facility" 
by R.B. Knight and J.P. Haile. 
DISCUSSION 
The authors have done a thorough and commendable 
job ~n the investi~ation, planning, design and 
quall ty control dun.ng construction of the tail-
ings storage facility at the Key Lake Project in 
Canada. ~y addr~ssing all the potential pro-
ble~s durlng deslgn and construction, specifi-
c~tlons and tests were developed to ensure de-
Sl~n and con~truction compatibility. By modi-
fyuJg and uslng the naturally occurring mate-
rials at the site, design objectives were 
achieved in an economical way. 
It wi 11 be interesting to know the long term 
performance of the facility and the efficacy of 
the underdrainage system installed. Were any 
measures taken to monitor the seepage through 
the undersea] over a period of time? 
As mentioned in the paper, record tests for 
density and permeability of the undersea! were 
performed at the rate of one per 2,500 sq. meters 
of the completed undersea!. The frequency of 
these tests seems to be insufficient for the 
exten.t of the seal provided, and the importance 
of the seal as a barrier for containing the 
tailings and preventing seepage into the lower 
stratt1m. 
Discussion by Richard L1. Stephenson 
Professor of Civil Engineering 
University of Missouri-Rolla on 
"Construction of the Key Lake Tai 1 i ngs 
Facility" by R. B. Knight and J.P. Hale 
Let me begin by congratulating the authors on a 
clear, concise presentation of a relatively complex 
construction project. The paper discusses the develop-
ment of the design criteria, the construction methodology 
and the construction monitoring and instrumentation 
program. Of particular significance is the design and 
construction of the tailings pond liner and underdrain 
system. The techniques discussed herein are applicable 
to other hazardous waste control facilities. 
A primary design consideration was the permeability 
(hydraulic conductivity) of the liner. Because of the 
lack of suitable fine-grained soil, bentonite was added 
to selected on site materials to increase the soil's 
leachate retention capabilities. The coefficient of 
permeability was determined by the use of air-entry 
permeameters both in the field and in the laboratory as 
well as by triaxial and "standard falling-head permeame-
ter." The authors state that 35 of the 133 in-situ air-
entry permeameter tests gave results higher than the 
design objective of 1 x lQ-9 m/s coefficient of perm-
eability. These high results "were assumed to be assoc-
iated with leaks around the perimeter of the test ring." 
This conclusion appears to be supported by the results 
of the laboratory testing program. However, ongoing 
research consistently shows that in-situ hydraulic con-
ductivity values exceed laboratory determined values by 
2 or more orders of magnitude. Limited field evidence 
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exists that conclusively show that in-situ the hydraulic 
conductivity is controlled by the macrostructure (fissur-
es, joints, slickensides, etc.) rather than the micro-
structure of the soil material. Further, res.earch con-
ducted at the University of Missouri-Rolla as well as 
other places indicate that the air-entry permeameter has, 
at best, only limited reliability as a measurement tool 
for hydraulic conductivity. Further, the method in which 
the laboratory hydraulic conductivity values were deter-
mined ts of extreme importance in assessing the reliabil-
ity of such values. It would be of great benefit to the 
profession if the authors could expand their paper to 
include more of the details of the hydraulic conductivity 
testing program. 
The authors have provided clear guidance as to an 
appropriate technique for controlling selective excava-
tion and placement of soil fill. The detail to which 
they have presented both the method of construction as 
well as the quality control testing program is well doc-
umented and of much interest to the profession. Because 
of the paucity of field data regarding long-term perform-
ance of clay liners, it is hoped that data gathered dur-
ing the operation of this facility as to its performance, 
particularly with regard to the performance of the clay 
liner will be published. 
Discussion by Jerane c. Neyer 
Principal, Neyer, Tiseo & Hiroo, Ltd. 
Farmington Hills, Michigan USA on 
"Instrumentation of a Sewer Tunnel 
in Weak Singapore Soils" by 
K.W. ro, G.P. Karunaratne, and S.L. lee. 
'Ihe authors have presented considerable 
data from the instrumentation of a tunnel in 
soft marine clay and established the mechan.is:n 
for prediction of ground surface displacement 
patterns in similar soils. 
It is interesting to note on Figure 4 
that the volume of lost grouoo iooicated by 
the deep settlement gauges (Figure 4d) is 
approximately equal to the volume of surface 
settlement indicated by the settlement points 
PG (Figure 4a) if one canputes the volume by 
the formula V = 2. 5 i Smax. Ibwever, the 
shape of the curves as presented is significantly 
different for the t~ro cases. Perhaps the authors 
could ccrnment on this ];henanenon. 
cne ~rould also expect that the volume of 
ground loss w::>uld equal the volume of settle-
ment in a soft saturated clay soil. Ibwever, 
the shape of the settlement profile generally 
~anges with the width(2i) increasing with 
d1.stance above the tunnel and the maximum 
deflection showing a correspoooing decrease. 
'Ihe numerical data on Figure 4 do rot support 
this type of behavior occurring. It ~rould be 
of interest to learn the authors' observations 
on this matter. 
'Ihe piezometers show an increase in pore 
pressure as the heading approached and a decrease 
as the heading advances beyooo the plane of the 
piezometers. It ~rould be of interest to know the 
long-term pore pressures observed in P2 and to 
hear the authors' opinions on the likelihood of 
volume change due to pore pressure dissipation. 
Discussion by Jercme c. Neyer 
Principal, Neyer, Tiseo & Hinde, Ltd. 
Farmi~ton Hills, Michigan USA on 
"Ground Response, Baltimore 
rexin:~ton Market Tunnels" by 
J.G. Engels and S.J. calabrese 
'lbe authors have presented useful data and 
conclusions regardin;J the relationship between the 
volume of ground loss during tunnel and the volume of 
the settlement trough created by the tunnellin;J 
operation. In the past, emphasis had been placed on 
predicting the magnitude of surface settlements, 
since these are visible and potentially damaging to 
existing buildings and infrastructure. 'lhe paper 
presented looks at the causes of this settlement and 
the attenuation or amplification of gr:ourrl loss by 
soil formations between the crown of the tunnel and 
the grourrl surface. 
For the Lexington Market Tunnels, the observed 
volume of ground settlement was generally less than 
one-third of the volume of grourrl lost by overmining. 
'llle decrease in density of the overlyin;J soil was 
believed to be responsible for absorbin;J two-thirds 
of the volume lost during mining. 
The authors report that little long-term movement 
was measured. Fbwever, the time which has elapsed 
since ccmpletion of tunnelling is relatively short in 
terms of soil densification by natural forces. It 
would be of considerable interest to nonitor the 
surface settlement for a number of years to see if 
any reccmpaction of the loosened soil is occurring. 
Another area '1\hich deserves continued nonitoring 
is the groundwater level after release of the ccm-
pressed air and cessation of deep-well dewatering. 
Changes in the groundwater level and seepage patterns 
can lead to changes in effective stress with resultant 
loosening or densification. 'Ibis is particularly 
true when the primary lining of the tunnel is able to 
function as a large "French Drain" and alter regional 
groundwater patterns. 
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